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INTRODUCTION

Moisture [Is +the most Iimportant factor Influencing
deteriorative changes of gralns during handling and storage.
When grain 1s sufficliently low (below 13%) In molsture con-
tent, [t can be stored safely for a long perlod of time wifth
|1ttle deterloration providing that the origlnal grain is In
good condition and placed In an adequate storage unit. |f
the moisture content of the graln I's high, grains
deterlorate rapidly due +to the biological activity of the
germ, mold, bacterla, Insects and also some enzymatic rsac-

t+ions,

Grain Is hygroscopic; In other words, |t loses or gains

moisture In accordance with the surrounding atmosphere. |If
it Is In contact with liqulid water, It willl, &f course,
absorb molsture and Increase Ifs molsture content. Graln
will also lose or gain moisture depending on the Temperature

and humidity of the surrounding atmosphere.

I

There (s a moisture movement between graln and sur-
rounding alr until moisture equilibrium is reached. Zquill-
brium Is the condition at which moisture ceases To move from
the grain to +the air or from the air to the grain. Since
both air and grain contaln water vapor, each exerts a vapor
pressura. Yapor moves from a higher pressure to 2 lower
ons, so when the the vapor pressure In the grain {is higher

than +hat ¢f the surrounding air, moisture moves from the



graln to the alr and decreases grain moisture. Conversely,
when the alr vapor pressure [s higher than that of The

graln, the grain Is wetted and moisture increases,

Since there are a number of factors (grain and alr tem=-
perature, relative humidity, length of storage time, condi-
tion of graln, previous history of grain, conditions and
types of storage, etc.) other +than molsture content of
grain that Influence grain quality «changes, I+ is almost
impossible fto state a deflnite moisture limit at which a
given gralin may be stored safely and above which deterlora-
tlon may occur. However, in general, the limlt of molsture
for safe storage of graln [Is the molsture content of grain

which Is in equillbrium at 70 percent relative humlidity.

Drying temperatures may have a significant effect on

grain quallity. Excessively high Temperatures in corn causes

Increased breakage, stress cracking, kernel discoloration,
and lead to a decrease in milling yleld and protein quallfty.
There is more marketable flour, and less water, in a

bushel of dry wheat than in a bushel of weT wheat. However,
the current grading system does not provide for any premlum
for grains drier than the maximum requirements of the grade.

On the o*her hand, there [s a discount for wefTter grain.

For instance, graln weight c¢hanges about 1.15 percent

with esach point of moisture above or below standard. When



molsture is one point below market, the |oss in weight, and
therefore market value, is about 1.15 percent. However,
when moisture content is one point high, the loss In value

Is only 0.85 percent because of the Z percent wet graln

discount Is offset by the 1.15 percent increase In weight.

Tables below wlll demonstrate this inequity;

Table 1. Market Standard Mcisture Content.

US No 2 Corn 15.5%
US No 1 Soybeans 13.0%

Wheat 555

From Relichenberger (1982).

Table 2. Approximate Net Discounts (Loss) in Value

when Mcisture lIs:

LOW H1GH
19 1.15%  0.85%
28 2.30% 1.70%
34  3.50% 2.50%
4% 4.60% 3.40%

5% 5.80% 4.20%

From Relchenberger (19823.



These tables show that the market gives 1its highest
price for grain delivered at the market standard moisture
content, but It also shows that with a wet grain discount
rate of 2 percent per polnt, a farmer dellvering dry grain
s paylng a bigger penalty than his neilghbor hauling wet

gralin.

It Is very hard for man to match nafure's system of
drying and preserving the gralin. Depending on the weather,
(Dry, hot winds rolling +through +the fields), many times

farmers harvest when gralin [s already cverdried.

When farmers began restoring moisture +to the overdry
grain before marketing; representatives of tThe grain market-
ing trade became concerned and contacted the Food and Drug

Administration for legal ruling.

Pressed by the Increasing Interest in graln rewetting,
the Food and Drug Administration issued an opinlfon In spring
198Z stating that the additlon of liquld water to grain to

increase its bulk or welght tc Improve its vaiue Is illegal,

Some economists agree that paying for grain bassd on
its dry matter Is <certainly one alternative that would
remove the incentive for adding water to grain. The problem
with Thils sclution, that grain Industrlies foresee, is that
over=-dry grain breaks up in handiing. Then, if one <change
Is made, they may end up having to make other changes that

‘make the system mecre complicated. | f they buy dry matter



and more over-dry corn comes in, they wlll have to make more

changes to counterbalance that,

The way water is added back to the grain is; 1) Blend-
ing wet and dry grain together, 2) Aerating oins in humid
weather or 3) Directly adding water. The latter of these
methods is the most practical but also the mest contfrover-

sfal.

Since some researchers and grain indusftry spokesmen
question the storablllity of rewetfed grain; the present
study Is to find a method to determine if over-dry grain has

heen rewetted or not.-

The sorption of water vapor and |liquld water by corn Is
of speciflc inferest to this study. The basic experimental
techniques utillzed are: a) the measurement of equilibrium
moisture content for non-rewetted and rewetted corn; b) the
measurement of the bulk density for non-rewetted and rewet-
ted <corn and c¢) the establisment of & llnkage between thess

measurements and rewetTting.



LITERATURE REVIEW
!, General Concepts of Adsorption

Hunt and Pixton (1574) classify water held 1In grains
IntTo three kinds: absorbed, adsorbed, and bound water. The
term absorbed water applies when a quantity of water is
|oosely held Inside +the grain or In the Intermolecular
spaces by capillary forces. The characteristics of this
water are tThought of +to be the same as fthose of comman

water, and It is sometimes termed free-water.

Water is said to be adscrbed when it Is held 1in the
grain by molecular attraction, beling closely related to the
adsorbing materials and being held more firmly. Physically
adsorbed water Is held 1Iin the system by van der Waals

forces.

Bound water or chemlcally adsorbed water is held In the
grain by very strong chemical forces, and it is a chemical
unifon with the adsorbing materlals. Large guantities of
energy are requlred fo break the chemlical bonds, and this
bound water usuzlly remalns within the grain affer commen

/

drying.

The equilibrium molsture of dry gralin may be pictured

as the physical adsorption of a vapor on a solla.

Adscrption occurs as a result of +the interaction

between tThe field of force at the surface cf *the solid and



the molecule of water vapor. To grasp the relationshlips

Involved In physlical adsorption, one may plcture a porous
solid exposed fto vapor. The welght of +he solid will
Increase with time and flnally wll|l come to equlllibrium with

the vapor.

The solid Is known as the adsorbent and the vapor the
adsorbate. It Is usual to carry cut the measurements wlith
the adsorbent maintalined at a fixed temperature and the
relationship between the adsorption "x" (i.e. the amount of
water adsorbed) and the vapor pressure P of water vapor In

adsorbate, Is referred to as an adsorption isotherm.

Adsorption is to be distinguished from ™absorption™
which invoives penetration of the gas and lliquld Into the
structure of the solid by some process of dlffussion. Often
adsorptlion and absorption occur simultaneocusly in porous
adsorbents and It Is not always easy to [dentify them wlth

certainty.,

!t was flrst shown by McBain (1810) that soiid can take
up gases Iin many ways other than causing them tTo adhere to
the outer surface (adsorption) and he introduced the general
form T"sorption" +to Include all ways in which fthe gas is
taken up by the solid. Therefore [t may be pointaed cut that
adsorptien |is a particular mechanism of scrption and doses
not include other mechanisms such as absorpticn or diffus-

slon.



Il1. Physical Adsorption and Chemlical Adsorption

Adsorption Is considered fo be a consequence of the
fleld force at the surface of the adsorbent, which attracts
the molscules of the adsorbate. The forces of attraction In
the adsorbent are mainly of two types, physical and chemi=-
cal, which cause physical (or van der Waals) adsorption and

chemisorption (or activated sorption) respectively.

Chemlsorption Is normally characterlized by much
stronger binding forces, larger heat of adsorptlion, and an

increased reactivity of the adsorbed molecules.

Many Investigators agree that the adsorption of water
vapor by <c¢ereal grains and thelr products is entirely van

der Waals type of adsorption (Brunauer (19431}),

Physical adsorpftion Is caused by Intermclecular forces
between molecules of water vapor and the surface of the
adsorbent (polar sites of the adsorbent). In general polar
molecules such as H20, NH3 and alcohol, or molecules posess=
Ing the fellowling polar groups, -NH2 =NH=, =0H, =-COOH, CONHZ
etc., are considered to be sorptive slites on the adsorbent
because the positive and the negative charges in the above
molecules are not symmefrically distributed. Brunauer (194Z2)
stated that the formation of physically adsorbed layers, may
be similar to the condensaticn of a vapor fto fcrm a ilquid.
The heat of physicai adsorption is noft onily c¢f the same mag-

nitude as the heat cf condensation but physically adsorbed
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layers, particularly those which are many molecular dlame-

ters thick, also behave In many respects as a ilquid.

The availabllity of sorptive sites on the surface of
the adsorbent of water vapor is the main factor affecting
the sorption properties of an adsorbent. Eley and Leslle
(1963 and 1964) found some evidence of molecular shrinkage
on the complete drylng of +the adsorbent. Seehof et al.
(1953) suggested the mechanism of water molecule bindling to
be the the cooperative binding of one molecule between fwo
ad jacent polar groups. Usually In adsorptlon work, the
adsorbent [s dried under high vacuum or activated at high
temperatures before an adsorption Isotherm is obtained. Now
consider these models of water molecule binding between ftwo

polar groups:
Prior fto activation or drying:

>C=0=H=0===H=N< HoN NH NH NH,
| P

~ ," \
H C H //)i = C
1 ™~ \
0

(polysacharlde hydroxyl) {protein)

NH
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On activation or drying In high vacuum, the above model

may become;

>C=0-HN< HzN\ NH = HN  NH,
Y N\
¢’ N &
/ /
NH NH

|f water molecules between adjacent polar groups are
removed in high vacuum or at high temperature, two adjacent
polar groups may approach each other and consequently the
distance between the two becomes so small that a water
molecule could not get between them again, or *fwo adjacent
groups might be held to each other by nhydrogen bonds. Thus
two polar sites become virtually Inaccesible to water sorp-
tion. Therefore reduced avallablility of polar sites on the
surface of tThe adsorbent In the adsorption process would be
expected. The |iferature reports that when an adsorbent is
weTted, the formation of cracks may be observed radiographi=-
cally, (Grosh and Milner (1959) and Milner and Shellenberger
(1953))., Usually prior to obtaining the desorption Jisoth-
erm, the adsorbent [s wefttad. [f tThe wetting resul+s in The
formation of cracks in the adsorbents an Increase In the
surface area and number of sorption sites for desorption
would be expected. Such chemical and physical factors wculd

alter the availability of sorptive sites on an adsorbent,
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fl1l. Isotherms

The amount of water that can be adsorbed by grains |Is
studied by means of the isotherm. An isotherm is a curve
that describes the amount of water in a substance at a par-
ticular temperature as a function of The equillbrium vapor
pressure, water activity, or relative humidity. The equili=-

brium relative humidity (E.R.H.) is defined as follows:

= % Relative Humidity _ B_ L1

EGH 100 P 28
(o]

where P is the vapor pressure exerted by the water vapor In

the alr at a gliven temperature, and PO s the saturation

vapor pressure of water at the same temperature.

Grain can reach equi!ibrium‘sfaficaily or dynamically,
depending on whether there 1s a flow of air past the graln.
For a great number of isotherm determinations cereal grains
are allcwed *To reach equilibrlum statically, In containers
with different concentrations of sulfurlic acld or salt solu-
Tlons which exert different vapor pressures. In most grain
systems the materlal reaches equi!ibrium dynamically since a
flow of alr is passed through the graln mass. Dunstan et al
(1973) stated that In general, the dynamic equllibrium seems
to be a little higher than the static equillibrium molisture

content.

|f water 1Is added to the grain while approacaing
equillbrium, the «curve is referred to as z sorption iscth-

erm; or {f wavter is removed from the grain while apprcaching
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equilibrium 1s called desorption isotherm.

Desorption phenomena is appllicable for drylng while
adsorption or sorption data are more generally applicable to

problems In storage.
A. Types of lsotherms

Various types of Isotherms are presented in the |itera-
ture, Brunauer (1943) proposed a classliflcation of isotherm

types which has been widely accepted by other investigators.

His classification includes flve principal types

according to shape and characteristics.

They are designed by .roman numbers | to V. The Type |
curve is known as the Langmuir's adsorption isotherm cr van
der Waal's adsorptlion, Type | isotherm covers monolayer
adsorptlion, and It sometimes describes the inltlal parts of

Type Il and iY¥ isotherms.

Type |l isotherm Is called the S-shaped or sigmocid
curve, and It describes the adsorption of water vapor by

most cereal grains and ftheir products.

Type I1! isotherm is related to Type Il since both
cover multimolecular adsorptlion and they indicate that
adsorption increases Iindefinitely as the saturation wvapor
pressure s approacned, Type 1Y and ¥ isctherms descrlibe

the adsorption on highly porous adsorbents, and the two sug-
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gest that +the maximum adsorption tends to have a finlte

value at some point near the saturaticon pressure of the gas.

B. lsotherm Equations

Several Isotherm equatlons have been developed by a

number of Investigators.

Some of the most wlidely used are:

1. Tha B-E=T Eguation:

This theory was flrst postulated by Brunauer, Emmett
and Teller (1938) and |s based on the assumption that the
same fcrces that produce condensation are also responsible

for the binding energy of muitimolecular adsorption.

The Isotherm equation derived Is5;

%‘" cP r27
mo (P, =1+ (C - 1) B
o
where P= an equilibrlum pressure

Fo= the saturation pressure at a given temperature

Vm= the volume or amount of gas adsorbed

when the entire adsorbent surface Is
covered with a complete moncmolecular [ayer

C= constant.

The value of the constant C is given by the following equa-

+lion:

#9
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X (Ey - )
C = 212 e RT 3]
b1 2,

EI'EL= net heat of adsorptlion of the first layer.

The B-E-T equation Is the most widely used In adsorp-
tlon studies because [t was derived by a sound and rigorous
theoretical approach, and It ylelds a wuseful Two constant
equation from whlch surface areas and approximate heat of

adsorption can be calculated readily.
2. Smlth Equation:

Smith (1947) proposed the following I[sotherm equation

to flt isotherms of high pelymers,

W= Wy = W' ln (1= 5= C4]

where W = moisture content

Wy, and W' = constants
E- = equiiibrium relative humidity.
Q

3, Henderson Equation:

Henderson (1952) developed an isotherm equation and

tested Its validity with agricultural materials.

The eguatlion developed is;



16
1= B~ = expt-kTMM) L5]
Q

where E— = equilibrium relative humidity, In decimal
(o]

T= abscluts Tempera+ure
K and n = consfants

M = equillbrium moisture content, dry basls, decimal.
4, Chung and Pfost Equatlon:

Chung and Pfost (1967) developed the followling equa~

+ion:

in E~ = ﬁ% exp (~BM) £6]

where A and B = constants

universal gas constant = 1.98 Btu/!b.mole=°R

X
]

absolute temperature in degrees Rankine

= equillbrium relative humidlfy In decimal

Zo"UrU—i

= gquflibrium moisture content in decimal basls.

All isotherm equations were transformed Into linear
forms, and their conditicns of applicabillity +to grain
sorghum data were given in Table 3. These equations show
approximately the same range of applicabliiity for many other

cereal grains.

The equatlion from B8runauer et al. (1938) could be
sucessfully applied only *to reliative humidities below 43

percent.
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The Smith equation is appllicable only In the 43 +to 9C

percent relative humidity range.

Equations by Chung and Pfost, and Henderson were appli-

cable to a wide range of relative humidlties.

{V. Hysteresls

Desorptlon Isotherms generally show higher equlliibrium
molsture contents than the adsorption isctherms for the same
relative humidities. Thus, fthe equillbrium moisture content
of a product can have ftwo values depending on whether
adsorptlion or desorptlicn is taking place. This phenomenon

is called hysteresis.,

Several Investigators have proposed theorles to explain
the hysteresis phenomenon. Smith (1947) suggested that hys-
teresis is due to swelling, which Increases the surface area

of the adsorbent and has [ts effecT on iTs structure.

Chung and Pfost (1967) stated that tThe difference Is
due To the fact that more sorptive sites are available dur=-
Ing desorption than during adsorption. Chung and Pfost also
found that for wheat the hysteresls effect dissappears In
the tThird adsorption=-desorptlon cycle. They suggest that
the chemical and physical structure may beccme so stable
that no further molecular shrinkage or crack formatlon

QCCcuUrs.,



19

Hart (1964) aiso found that as temperature Increases

the hysteresis effect decreases.

V. The Importance of Bulk Density

The Unlited States Gralin Standards Act was passed by
Congress in 1916. The first standards established under the
act were for corn. Various changes have been enacted In the

standards since that time (USDA, 1963).

The value of the bulk density as a measure of corn
quallity was not questioned untll the practlice of harvesting
high-molsture shelled corn and drylng [T became wldespread.
Selling large gquantities of high molsture corn has also
emphasized the problem of specifyling corn quality [n part by

bulk density.

The Importance of bulk density Increased considerably

during the 1570 corn season.

Hall (1972) states that the flnal test weight after
drying Is affected by the initial moisture content, drying

temperature, amount of overdryling, variety blight resjis-

tance, kernel damage, and other unkncwn factors, In an
experiment performed by Hall (1972) it was found that
shelled corn increased considerably in bulk denslity during

drying. The bulk denslity Increase was less at the higher
temperatures than T was at the iower temperatures. Hand

shel led samples representing zero kernel damage, reached a
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higher bulk density durling drying than combine shelled sam=-
ples. As corn Is harvested later in the season its maximum
bulk density decreases probably due to weathering. The
varletal effect was very pronounced, especlally for the

blighted corn.

Hall also states that It is unfortunate that the ftest
weight determinations are used as a quality measurement for
wet shelled corn. As wet corn is dried Its coefficient of
friction aon the surface Is decreased. This permits a closed
packing of the kernels In the measured volums. Using the
bulk denslty of shelled <corn as a quallty measurement I[s
questionable at best. |If all the samples were checked at a
common dry molsture content of 15.5 percent as an example,
the bulk density might be of some value as a measure of ker-

nel density,
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OBJECTIVES

The overall objective for this study was +to compare

hygroscoplic propertlies between rewetted and non-rewetted

corn.

Specliflc objJectives are:

To determine Isotherms for rewetted and non-rewetted
corn at room temperature Iin order to observe the

difference In molsture content between them.

To Investigate the effect of three different initlal
moisture levels on hygroscoplc properties of rewetted

and non-rewetted corn.

To investigate the effect of six different drylng tem-
peratures on equilibrium moisture content before and

after rewetting.

To Investigate how those dryling temperatures and mois-
ture levels affect bulk density before and after rewet-

Ting.

To fit the data fto Chung-Pfost equafion.
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MATERIALS AND METHODS

Fresh yel|low shelled corn purchased on October 13, 1882
from a COOP elevator at Saint Mary, Kansas was used for this
test after removing the dockage. Equlllibrium moisture con-
tent and bulk density (test weight per bushel) of corn were

measured at various test conditions.

A static method, with a sulfurlc acid solution +o maln-
taln a constant relative humidity, was employed to determine

the equillibrium moisture content at a constant temperature.

Wide mouth, 500 m| flasks were fiiled with about 200 ml
of varlous concentrations of sulfurlc acid soluticns, Each
concentratlion of sulfurlc acid created a different refative
humidity (Table 4). The range of relative humidities exam-
lned were from 25% to 90%. Samples of grain (20 +to 30g)
placed in fine wlre screen were suspended above the sclu-
tlons In the sealed flasks. Then the sealed flasks contaln-
Ing the samples were left at a controlled ambient tempera-
ture of 25°C. Under the above conditicns an equilibration
period of 7 days was found to establilish moisture equlll=

brium,

The preparation of sulfurlic acid solutions was critical
in this experiment. |t was neccesary to know what concen-

*raticn of H,S0, produced the relative humldities needed.

Since the concentration of commerclally available HZSO4
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comes In a range of 95-98% the exact concentration of HZSO4

being used had to be determlined.

Inttial density was determined by weighing a known
volume of H,S0, on an anaiytical balance. Density was cal-
culated by dividing the weight by the volume of the small
sample of H,S0,. The Initlal density was 1.82975 g/ml. The
Initial concentration was focund fo be 96% by using reference

tables (Perry (1950)).

The saturation vapor pressure was obtalned from refer-
ence tables (Perry (1950)) at 25°C. Knowlng what relative
humliditlies are needed the vapor pressures could be <calcu-
lated. The varlous concentrations of sulfuric acid at those
vapor pressures could te obtalned from reference tables.
Once the Initial concentration was cbtained we could get any
of the other concentratlions by <carefully diluting witTh
water.

Table 4, Relative Humldlty=Sulfuric Acld
Concentration Relationship at 2596,

Relative HZSO4
Humidity by weight
25% 55.9%
35% 50.9%
50% 43 .43
65% 36.0%
75% 30.4%
90% 18.5%

Table 4 shews the concentraticas cf H,50, corresponding

+c +he desired relative humidi+ties at 25°C.
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Moisture contents of grain were determined by the stan-
dard alr-oven method. For this, whole kernels of corn were

dried for 72 hours at 103°cC.

Bulk denslty of samples were measured before drying,
after drying, and after rewetting by a standard Boerner
welght=-per-bushel tester. Three replications were taken
each “ime, The standard procedure outllined In Boerner and
Ropes (1922) was used for most bulk densl[ty determlnations.
Due to shortage of sample at the end of the experiment only
500 g were available to measure bulk density. Since 1000 g
were required by the standard method to fill the measuring
volume, a smaller volums was used and a <correction factor
was calculated. The results, using the slightly different

method were fairly accurate for most measurements,

The Inltlal molsture content of the <corn was 18.44%
{wet basis.) The samples were drled to about 15%, 13% and
11% m.c. In an oven at 5 different temperatures (ranglng
trom 70°F (21°C) to 210°9F (99°C)). When the desired approx-
Imate molisture was reached the samples were placed above the
sul furic acid scolutions to obtaln equillbrium mo!sture con-

tents at room femperature. Two replications were taken.

The samples dried +o about 15%, 13% ard 113 m.c, were
rewetted by absorptlion. The amount of liquid water added
varled with the level of rewetting, e.g. samples rewetted

trom 134 to 154 m.c. needed less water Than the samples
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rewetted from 11% to 15%, |Immediately after the water was
added, the botftles containing the samples were vigorously
shaken., The bofTtles were shaken periodically for the first
few hours. The samples were left In repose for two time
perlods =24 hours and 48 hours. After the perfod Tthe sam-
ples were placed 1[In the wire screen basket above the sul=-
furic acid solutions. After a week above the sulfuric acld
solutions the samples reached equilibrium. Moisture content

was then determined using the alr-oven method.

A second portion of the Initial material at 18.44% m.c.
was prepared as a control repllicate, |t was drled by
amblent air a*+ 25°C and 38% R.H. |+ ftoock approximately 3
days to reach 15%, 4 days to reach 13%, and 7 days to reach
11% m.c. These samples were also rewefted by adsorption and

rewetting by absorption.

One hundred eight sorption tests were conducted for
studying the effects of three factors- Iniftial moisture con-
tent, drying temperature and relative humlidity on *the

equiilbrium moisture content.

One hundred forty four absorption tests were conducted

for studyling the effects of Inltial molsture content hours

In rest before testing for equilibrium moisture, drying tem-
perature, and relative humidify on the equillbrium moisTure
content. In These tests samples were tempered before subD-

jectling to equlililbrium test.
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Only the effects of Inltial moisture content and drying

temperature on bulk denslity were examined.

Factors and thelr levels Investigated are summarized In

Table 5.



Table 5. Experlimental Design

NON-REWETTED CORN

27

Sample Inlitial Drying Relative
Moisture Content Temperature Humldity

{(wet basls) 9% 954 %

11% 70 (21) 25

139 120 (49) 35

15% 150 (686) 50

180 (82) 65

210 (99) 75

natural air =)

drled
REWETTED CORN
Rewetted Tempering Crying Relative
from=to Time Temperature Humidlty

{Moisture Content) (hours) OF  (9¢) 4
119 +o 15% 24 79 (21) 25
13% to 15% 48 120 (49) 35
150 (66) 50
180 (82) &5
210 (99) 75
naturai air 90

dried
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RESULTS AND DISCUSSION
I+ Equilibrium Molsture Content Analysls

The experimental equilibrium molsture contents at three
different initial moisture content levels (15%, 13% and 11%)
and six different dryling temperatures (natural alr drled,
21°C, 49°C, 66°C, 82°C, and 99°C) for non-rewetted and

rewetted corn are tabulated in Tables 6 and 7 In Appendix,

In order fo Investlgate the reproducibility of the
equilibrlium molsture content measurements two replications
were conducted. The results of the EMC measurements showed
goed reproducibfilifity of data. The statistical tests also
showed (Tables 8 and 9) that there are no signliflcant
differences between repllcations 1t and 2, therefore they can

be comblined.
A. Non-ReweTted Corn:

The Isotherms at 25°C of natural air driled corn and
corn dried at 66°9C, and 99°C for before rewetting are shown

in Figures 1, 2 and 3 respectively.

Figure 1 shows that there Is [|ittle dlifference among
EMC at 15%, 13% and 119 initial molsture content when corn
{s naturally air drled, for Instance at 75% R.H. the EMC aT
154 initlal moisture corn is higher than 13% initial mols-
ture corn by 0.28% and the EMC at 13% initial moisture corn

s higher than 11% initlal moisture corn by 0.35%.
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20.0 1 Initlal Molsture Content
(%)

1. 10.98

18.0 + 2 12.49

3 14.64

18.0 - | 3
17.0 4 1
16.0
15.0 -
14.0 -
13.0 -

12.0 +

EMC ( %X )

11.0 4

10.0 +

9.0 1

8.0 ¢°

7.0 4

8.0 -

5.0 . ‘ ; . - ; : : :
0 40 20 30 40 50 80 70 80 a0 100
REL. HUM. ( %)

Flgure 1. Isotherm curves at 25°C of naturally drlied corn for
three Initial moisture contents before rewetting.
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Initlal Mcisture Content
(%)
1 1. 11.16
3 2. 13.06
1.0 3. 14,43

20.0 -+

18.0 4
17.0 - | 3
16.0 - 1
15.0 A
14.0 1
13.0 1

12.0 -

EMC ( %)

14.0 1

3.0 -+

8.0 -

7.0 4

§.0 — v r - ‘ v » v ; '
¢ 10 ag 3c 49 50 g0 70 80 = 1e] 100

SEL. HUM. ( %)

Figure 2. !sotherm curves at 25°C of corn dried at 150 F (66°C)
air for three Initial molsture contents before rewetting.
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18.0 +

18.0

17.0 4

18,0 -

15.0 -

14.0 1

13.0 A

12.0 4

EMC ( %)

10.0 +

3.0 -

8.0 1

7.0 1
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Initial Molsture Content

(%)
1. 10.66
2. 12.80
3. 15.01

5.0

Figure 3,

10 20 30

40

50 a0 70 30 S0 100

REL. HUM. ( X )

[sotherm curves at 25°C of corn dried at 210 F (99°¢)

alr for three

initial

moisvure content before rewetting,
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Table 8. Analysis of Variance all Variables Included for EMC
of Corn before Rewetting.

Source D.F. SS F
Drying temp 5 5.5996 18.07
Rel .Hum. 5  1807.9836  5835.79 "'
Level @ 2 23.6110 190.53 **
Rep 1 0.0017 0.03 N.S.
Temp*Rel .Hum. 25 7.1655 4.63 *F
Temp*Level 10 4.2552 6.87 *"
Rel.Hum*Level 10 4.4304 7.15 **
Error 158 9.7282

Total 215  1862.7752

N.S. NotT significant
#% Significant at the 0.01 level
a. levels=Initiali moisture content.
Model: EMC = C + + C, RH + C MeCo + C4 Rep
+1 C +*Ra + Cgq + m.c. + Cy RH*m.c. + <
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When corn was drled at 66°C (Figure 2) the dlfferences
between EMC at 15% and 13% Initial molsture corn at 75% R.H.
Is 0.31% and EMC of 13% Initlal moisture corn Is higher than

EMC of 11% iInitial moisture corn by 0.52%.

When corn is drled at 99°C (Figure 3) the dlifferences
between EMC of 15% and EMC of 13% initlal moisture corn at
759 R.H. is 0.75% and EMC of 13% initlal moisture corn s

higher than EMC of 11% initial molsture corn by 1.08%.

Therefore, 1t was concluded that as the drying ftempera-

ture Increases the dlfferences between the EMC reached by

corn at the Initial molsture contents of 159, 13% and 11%
Increases. The isotherm curve at 15% Initial molsture corn
is always above the Isotherm curve at 139 initlal molsture

corn and the Isotherm curve at 13% Initlal moisture corn is
always above the Isotherm <curve at 1149 [(nitlal moisture

corn.,

Since the isotherm curves at 15% initial moisture corn
stayed fairly constant at any drylng temperature it was
found that the 11% and 13% Isotherm curves shifted downwards

as the ‘drying temperature increases.

It was also found that [n the relative humldlty rangs
of 50% +to 75% the dlfferences between the EMC of 15%, 13%
and 11% Initial molsture corn are more pronounced than at
any other relative humldity. The most dlfferences between

equitlbrlum moisture contents reached by 15%, 13% and 11%
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inltial moisture corn was observed at 75% R.H.

Statistlical analysis shows that, in general, at wevery
drying temperature 15% Initial molsture corn differs from
11% initlal molsture corn. Fifteen percent also dlffers
from 13% at +the high drying ftemperatures (82°C and 99°C);
however, 13% does not differ from 11% at any drying tempera-

ture.

When comparisons are made among drying temperatures in
a fixed Initlal molsture content, The following resuits wers

obsarved:

For the initial moisture content of 11% very small
differences among drying temperatures exlisted at relative
humldities of 25%, 35% and 50%. At 65% and 75% the differ-
ences were with the highest drying temperature, and at 90%
is where the differences among drying temperatures I[s most
notlceable. Speclally the lowest drying temperatures
(natural air dried and 21°C) differ very much from the high
drying temperatures (82°C and 99°C); for 13% initial mois-
ture corn the dlfferences among drying temperatures start to
decrease and they only prevall at the high relative humidi-
ties; and for 15% drying temperatures did not have as much
effect on equilfibrium moisture. Only at the highest rela-
tlve humidity (90% R.H at 99°C) had lower EMC than the other

drying temperatures.
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Thus it can be concluded that if the corn is overdried
to about 13% or below and the drylng temperature Is keptT
above 66°C there are significant differences in the EMC of
corn overdried or not and EMC of corn dried at high drying

temperatures and low drying temperatures.

The results so far shown can be explained by the molec-
ular shrinkage theory. |In this work there are two factors
+hat definitely can change the physical structure of corn;
drying temperature and Initial molsture content. These two
factors decrease the number of sorptive sites avallable for
adsorption. That 1Is why dlfferences appear to show when
adsorption began (which [s above 50% R.H. in most cases).
Therefore when the drying temperatures are very high tThe
sorptive sltes avallable for adsorption decrease conslder=
ably. Likewlise, when corn is overdried to 13% and below,
the grain physlcal structure changes are irreversible conse-

guently reaching lower equilibrium molsture contents,

Statistlical analysis (Table 8) also show that befors
rewetting +the differences in EMC values among Initial mols-
ture levels are more pronounced than the differences in EMC

values among drying temperatures.
B. Rewetted Corn:

Figure 4 shows that the Isotherm curves at 23599 of
naturally drled corn when rewetted from 11% to 15% m.c. do

not differ very much frem the isotherm curves of corn
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rewetted from 13% to 15%. The same Is shown In flgure 5 for
corn dried at 66°C air, Yet In figure 6 +the differences
between EMC of corn rewetted from 11% to 15% and EMC of corn
rewetted from 13% to 15% Is about 1% In most cases. Even
though the differences between corn rewetted from 11% to 15%

were small for natural air dried corn and corn dried at 66°%¢

the isotherms for corn rewetted from 13% to 15% was always
above the Isotherm for corn rewetted from 119 +to 15% at all

drylng temperatures for elther rewetting time.

The results showed fthat when The drying temperatures
were natural alr drled, 21°C, 49°C, and 66°C the EMC reached
by corn rewetted from 11% to 15% and corn rewetted from 13%
to 15% differ very |Ittle. However, at 82°C and 99°C +the
EMC reached when corn was rewetted from 114 to 15% was |ower
than +that reached when corn was rewetted from 13% to 15%.
Yet, the difference was not too much <(about 0.5=-1.0%9),
therefore, it cannot be affirmed that these differences are

not random error. Nevertheless, statistical “tests affirm

that at 82°C and 99°C these values do dlffer.

Tempering times 1 and 2 were not significantly dif=-
ferent from each other at any dryling temperature. JStatisti-
cal tests also found them not significantly different in

Table 9.

However there is a tendency for fempering time of 48

hours +to be a fraction of a percent higher than 24 hours aft
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all relative humiditles when corn is rewetted from elther
114 +o 15% or 13% to 15% at all drying temperatures. When
the EMC values of corn rewetted from 11% to 15% were com-
pared among drylng temperatures [t shows that the differ-
ences are small when corn Is naturaily air dried (Figure 4)
and corn dried at 66°C (Figure 5) are compared; the Isotherm
curves of corn dried at 66°C shows slightly lower +than the
Isotherm curve of natural air dried corn. When natural air
dried corn (Figure 4) and corn dried at 99°C (Figure 6) are
compared; +the Isotherm curve o¢f corn dried aft 99°C also
shows lower than the [sotherm curve of natural alfr drled
corn but +these differences ars also small (less than one

percent).

Likewise when the EMC values of corn rewetted from 13-
154 were compared among drying temperatures it shows that
the differences among low, middle and high drying tfempera-
tures are even smaller than for corn rewetted from 11% to
154 and the isotherm curves tend to overlap rather than fo

shift downwards as for the previous casas.
C. Comparison Analysis between Rewetted and Non-Rewetted Data.

Table 10 through 13 and Figures 7 through 9 show how
that EMC of rewetted and non-rewetted corn differ. Data for
some other cases are glven In Tablies 6 and 7 of +the Appen-

dix.
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from=to Time
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Figure 4. Isofherm curves at 25°C of naturally dried

corn affter rewetting.
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Rewetted Tempering
from=To Time
20.0 - (%) (hours)
A. 11,16-15.06 24
139.0 - Cc. 13.06=-15.07 z24
D. 13.06=15.07 48
18.0 - .
c
B
17.0 A
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5.0 ' : . : ‘ ; . _ i .
Q 10 20 30 40 50 50 70 80 80 100

REL. HUM. ( %)

#

Figure 5. |sotherm curves at Z5°C of corn dried at 130 F
alr after rewefting.
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Flgure 6. Isotherm curves at 25°C of corn driled at 210 F (99°¢)
air after rewetting.



Table 9. Analysls of Variance all Variables Included for
of Corn after Rewetting.
Sourcse D.F. 55 F
Drylng temp 5 8,1845 12.16
Rel .Hum. 5  2315.4611  3439.92
Level 2 1 0.7096 5.27 °
Rep 1 0.0171 0.13 N.S.
Time 1 0.0564 0.42 N.S.
Temp*Rel .,Hum. 25 2.9846 0.89 N.S.
Temp*Level 5 2.1194 3.15 *¥
Rel .Hum*Level 5 0.7560 1.12 N.S.
Error 224 30.1555
Total 272 2360.4447
N.S. Not Signlificant
* Significant at the 0.05 level
**Significant at the 0.01 level

a. In level 1 corn is rewetted from 11% to 15% m.c.

in level 2 corn Is rewetted from 13% to 15% m.c.
Model: EMC = C1 T + C2 RH + C; m.c. + C, Rep
+ C5 Timé + C TIRH + Cq Tém.c.

+ C8 RH*m.c.

g <
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EMC
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Table 10 shows the EMC values for corn non-rewetted at
15¢ inltial molsture content and rewetted to 15% from two
molisture levels (11% and 13%) when rewetting +time was 24
hours. The differences between those rewetted and non-

rewetted EMC values was ccomputed and tabulated in Table 11.

Table 12 shows a similar sltuation of the EMC values
for corn non-rewetted at 15% initlal moisture and rewetted
to 15% from two moisture levels (11% and 13%) when tempering
time was 48 hours. The differences between those rewetted
and non-rewetted EMC values when tempering time was 48 hours

was computed and tabulated In Table 13,

Table 11 for rewetting time of 24 hours shows, In gen-
eral, bigger dlIfferences in EMC between rewetted and non=-
reweted corn than Table 13 for tempering time of 48 hours
except when «corn is drled at 99°C and Is rewetted from 11%
to 15%. For that case corn tempered 48 hours shows bigger

differences In EMC than corn tempered 24 hours,

-~

Figure 7 shows for natural alr dried corn the differ-
ences between non-rewetted and rewetted conditlons are
small., The [sotherm curve for corn at 15% before rewetting
runs almost parallel +to corn rewetted from 13% to 15% and
tempered for 48 hours. Flgure 8 for «corn drled at 66°C
shows bigger differences between non-rewetted and rewetted
7

corn. The Isotherm curve for initial moisture corn at 15%

before rewetting 1is above all other Isotherm curves affter
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rewetting. Figure 9 for corn driled at 99°C shows also s/q=
niflcant dlfferences between rewetted and non=-rewetted corn.
All these dlfferences are more noticeable in the range of

40% to 75% R.H.

In general, |t can be seen that as the drying tempera-
ture Increases the differences between rewetted and non-
rewetted corn are more pronounced. This iIs so bescause as it
was found, the EMC values for non-rewetted corn at 15% do
not vary too much as the dryling temperature increased but it
was also found that the EMC values for rewetted corn shifted
downwards as the drying temperature [ncreased, this 1Is why
the gap between rewetted and non=-rewetfed corn increases

with the Increase of the drying temperature.

Statistical analysls was performed +to reafflirm these
di fferences, Multiple comparisons using the LSD test were
performed. Cells of size Z (l.e. 2 observations per <ceil)
were formed (Table 14 In +the Appendix)., The results of
these tests show that at a fixed temperature EMC of corn aft
154 before rewetting and EMC of corn rewetted from 11% to
159 and from 13% to 15% dlffer at almost all relative humi-
dlties at the temperatures of 82°C and 99°C. EMC of corn at
15% before rewetting was In most cases higher than EMC of
corn rewetted from 13% +to 15% and from 11% to 15% at all

temperatures.

To explalin the results shown, again reference can be
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made to the molecular shrinkage theory. The capacity of
adsorption of corn decreases when It is overdried fo 13% and
stlll more when [t goes to 11%. Therefore, when corn is
rewetted to 15% it tends fto reach lower equlllbrium moisture

contents than corn that is origlinally at 15%.
D. Fitting of the EMC Data to Chung=-Pfost Equation.

Chung and Pfost developed In 1967 a new I[sotherm equa-
tion, by modifying the potential theory, that may be appli-
cable fto describe the Isotherms of cereal grains and thelr

products over a wlder range of relative humidities (Table

5k
This equation can be transformed fo a linear form such
as:
In(=RTIn{Z=))=1nA+BM £73
o

A linear regression analysls was performed wlth EMC as
the Independent variable and In(=RT (lIn P/PO)) as the depen-
dent varliable. The results gave values for both slope and
intercept of the ilne. The value of the slope Is constant B

and the Intercept Is In A In the Chung-Pfost equation.

Since It is difficult to draw conclusions from the com-

parlson of Intercepts of llnes that have different sliopes,
the analysls of Intercepts wili not be performed. However,
the values of constant A will be presented In most cases for

completeness.



Table 10, EMC Yalues for Non=-Rewetted Corn and Rewetted

Corn feor 24 hours.

Temp.of MeCo Relative humidlities

Drying from=-to 25% 50% 75% 90%
(%)

NAD 15 8.91 11.89 14,79 18.29
13=15 8.62 11.50 14,58 17.13
11=15 8.90 11.37 14.66 17.86

66°C 15 .10 11.70 14.60 17.40
13=15 8.64 11.44 14,31 17.34
11=15 8.68 11.24 14,18 17.51

99°¢C 15 9.11 11.79 14,85 17.32
13=15 8.76 11.41 14,17 17.38
11=15 8.95 11,13 14,12 17.20

NAD means Natural Air Dried.

45



Table

11. Differences

In EMC between rewetted corn with 24
hours fempering and non-rewetted corn at 15%.

Temp.of MeCo Relative humlidities
Drying from-to 25% 50% 75% 90¢%
(%) (%) (%) (%) (%)
NAD 13=-15 +0.29 +0.39 +0.21 +1.16
11=15 +Q.01 +0.50 +0.13 +Q.43
66°C 13=15  +0.46 +0.26 +0.29 +0,06
11=15 +3,42 +0.46 +0.42 +0.11
99°¢ 13=15 +0.35 +0.,38 +0.68 =0.06
11=15 +0.16 +0.60 +0.73 +0.12
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Table 12, EMC Values for Corn Non-Rewetted and Rewetted

fer 48 hours,

Temp.of MaCa Relative
Orylng from=-+o humidlties
(%) 25% 50% 75% 90%

NAD 15 8.91 11.89 14.79  18.29
13=-15 9.05 11.72 14.81 17.68
11=15 8.98 11.29 14.42 17.85

66°C 15 9.10 11,70 14,60 17.40
13-15 8.80 11.55 14.33 17,44
11=15 8.74 11,56 14,30 17,48

99°¢ 15 9.11  11.79 14,85 17.32
13-15 9.03 11.62 14,38 17,21
11=15 8.62 11.36 13.61  16.47
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Table 13, Differences in EMC between rewetted corn

with 48 hours tempering and non-rewetted
corn at 15%.

Temp.of MmeCe Relative humiditles
Drylng from=-to 25% 50% 75% 90%
(%) (%) (%) (%)_ (%)

NAD 13=-15 -0.14 +0.,17 =-0.02 +0.61

11=15 -0.07 +0.60 +0.37 +0.44

66°¢C 13=15  +0.30 +0.15 +0.27 =-0.04

11=-15 +0.36 +0.14 +0.30 =0.08

99°C 13=15 +0.08 +0.17 +0.47 +0.11

11=15 +0.49 +0.43 +1.24 +0,85
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For the fitting of the EMC data collected in this work
to Chung=-Pfost equation It was found that before rewetting
three temperature groups could be formed; I|low, mlddle and
high tTemperatures. There were three initial moisture con-
tent levels which gave 9 combinations t¢ be analyzed. The

results of the analysls are tabulated In Table 15.

In the low dryling temperatures the differences In the
slopes of 15%, 13% and 11% (which also deflnes constant B)
were about c¢ne unit; [n the middle drying tfemperatures the
differences were less than one unlt; and In the high drying
t+emperatures the differences were of around two units.
Since the differences in the slopes of 15%, 13% and 11% ini=-
tial molsture corn were small for the |cw and middle drying
temperatures only in the high drying temperatures 15% Ini=-
t+1al moisture corn has a significantly higher slope than 13%
fnitlal molsture corn and 13% initlal moisture corn has a

significantiy higher slope than 11% fnitial moisture corn.

When analysls was made among the three temperature
ranges at a flxed Initial moisture content, [t was found
t+hat at elither 15%, 13% or 11% inltlal moclsture <corn con-
stant B at the low drylng ftemperatures dlffer considerably
from constant B at the high drying temperatures <{about 3
units). Then it can be found that given a initlal moisture
content one may determine In whlch ‘temperature range corn

was dried using Chung=-Pfost Equation.
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Fer the fitting of the EMC data after rewetting +to
Chung-Pfost equation, theres were low, middle and high drying
temperatures and two rewetting levels, i.e. 11=15% m.c. and
13-15% m.c. Constants A and B in Chung-Pfost equation for
rewetted corn are Tabulated in Table 16. Here again the
differences in the values of B among drylng temperatures aft
a fixed rewetted level and also the differences at the same
dryling temperature between the twec rewetting levels are |ess
than one unlit in most cases. Therefore, It Is difficult to
detect after rewetting whether corn was rewetted from 11% +to

159 or from 13% to 15%.

When comparisons are made between rewefted and non-
rewetted corn at a fixed drying temperature range (Table 17)
it was found that In the low and mlddle drylng temperatures
the differences In constant B were less than one unit, but
in the high drying temperature range there Is up to 2.78
units of dlfference. Here |t can be clearly shown that by
comparing constant B for non-rewetted and rewetted <corn In
Chung-Pfost Equation c¢ne may detect differences between
rewetted and non-rewetted corn if corn has been overdrlied
with high temperature and corn Is rewetted fto the same mois-

ture content of the non-rewetted corn.
1. Bulk Denstty Analysls

The experimental bulk denslty data before rewetting and

after rewetting, at thrse different initlial moisture content



Table 15. Tabulation of Constants A and B

in the equation

ln{- R T In (P/Po)) = In A+ B M

before rewetting

Drying

m.c Temp.Range A 8
15% NAD & 70 11,313.7 -21,902+
155 120 and 150 11,187.9 -21.757%
15% 180 and 210 15,599.6 25 .. 387
13% NAD & 70 10,905.3 -20.764
13% 120 and 150 12,990.8 -22.280
13% 180 and 210 14,559.5 -253+835
1% NAD & 70 10,157.8 -19.740
11% 120 and 150 13,440.1 -22.054
11% 180 and 210 15,275.4 ~22+952

* Not Significantly different
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Table 16. Tabulation of Constants A and B after Rewetting.

m.C. Drylng
from=to Temp.Range A B
13-15% NAD & 70 F 11,248.6 -20.917%

13-15% 120 and 150 F 12,431.6 -21.779
13=15% 180 and 210 F 13,121.4 -23.180

11=-15% NAD & 70 F 12,632.1 -21.812
11=-15% 120 and 150 F 11,361.6 -20.978%
11=15% 180 and 210 F 13,095.1 -22.586

* Not Significantly Different
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Table 17. Differences in constants A and B between rewetted at
two molsture levels and non-rewetted at 15%.%

m.c, Drying DIfferences
from=to Temp. Range AA AB
13-15% Low +65.1 +0.985
11-15% Low -1318.4 +0.090
13-15% Middle -1233,7 =-0.022
11=-15% Middle -1897.2 -0.829
13-15% High +2478.2 +2.187
11=15% High +2504.5 +2.781

* All values are signiflcantly different
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levels (15%, 13% and 11% m.c.) and 6 dlfferent drylng tem-

peratures are glven in Table 18 in Appendlx,

A. Non=Rewetted Corn:

Three replications were performed for corn before
rewetting. Statistical analysis In Table 19 shows that
those three replications are not signlficantiy different so
they weres averaged In Table 20. It was also found that
before rewetting three dryling temperature groups could be
formed; low, mlddle and high temperatures. They are tabu-

lated in Table 21.

At 11% m.c. corn dried at low temperatures were 1.26
Ib/bu  (16.21 kg/ms) heavier than corn dried at middle tem-
peratures and 2 lb/bu (25.74 Kg/msi heavier than corn dried
at high temperatures. At 13% m.c. corn dried at low tem-
peratures were 1.12 Ib/bu (14.41 Kg/ms) heavier than corn
dried at middle temperatures and 1.43 Ib/bu (18.27 Kg/m>)
heavlier than corn dried at high temperatures. At 13% m.c.
corn dried at low temperatures were 0.56 Ib/bu (7.21 Kg/m°)
heavler than corn dried at mlddle temperatures and 1.06
Ib/bu (13.65 Kg/m3) heavier than corn dried at high tempera-

turas.

These figures ciearly reflect the fact that the effect
of drylng temperature on bulk density for corn dried at 15%

meC. is small but the effect of drying temperature cf corn
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Table 19. Analysls of Variance all Variables Included for Bulk
Denslty of Corn before Rewetting.

Source D.F SSs F
x X

Temp 5 14.9281 13.76
Level 3 3,2309 7.44 **
Temp*Level 10 1.9712 0.91 N.S.
Rep 2 0.4347 1.00 N.S.
Error 31 6.7267

Total 50 27.2918

N.S. Not Significant
**%* Significant at the 0.01 level
Model: B.D. = C1 £ + 02 M. Cw * 03 t*¥m.ce + C4 Rep + <



Table 20. Bulk Denslity Means before Rewetting.
Found per Bushel

(Kg per cublc meter).

DRY ING LEVELS
TEMP 11% 13% 15%
NAD 59,63 59.18 58.51
(767.53) (761.74) (753.11)
21% 59.86 59.09 58.75
(770.49) (760.58) (756.20)
i9°C 58.66 58.21 58,23
(755.04) (749.25) (749.51)
66°C 58.53 57 .42 57.76
(753.37) (739.08) (743.46)
82°¢c 58,21 58,41 58,21
(749.25) (751.83) (749.25)
ggee 57.75 57.71 57.57
(743.33) (742.82) (741.01)

a8
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Table 21, Temperature Grouping of Bulk Density Means before
Rewetting. Pounds per Bushel (Kg per cublic Meter).

L1121 C13%] C15%]

LOW TEMP. [NAD,21°C] 59.75 59.13 58.63
(769.07) (761.09) (754.66)

MIDDLE TEMP. [49, 66, 82°C] 58.49 58.01 58.07
(752.86) (746.68) (747.45)
HIGH TEMP.[99°C] 57.75 57 .71 " 57.57

(743.33) (742.82) (741.01)
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overdried (114 and 13%) is noticeable. Also, in general,
the Ilower the drying temperature, the higher the bulk den-

sity after drying.

B. .Rewetted Corn:

Statistical analysls show that tempering times of 24
hours and 48 hours were not signiflicantly different from
each other (Table 22). Therefore, the data was comblined and

+abulated In Table 23.

From Table 23 It can be shown +that, after rewetting,
differences are about 1 Ib/bu (12.87 Kg/m3) between bulk
density values of corn rewetted from 11% to 15% and corn

rewetted from 13% to 15% at any drying temperature.

The most significant differences were among drying tem-
peratures especially when corn was reweftted from 119 to 15%
m.c. When corn drled at 21°C was rewetted from 11% to 15%
MeC. I+ was 1 Ib/bu (12.87 Kg/ms) heavler than corn dried
at 49°C and 3.12 Ib/bu (40.16 Kg/m>) heavier than corn dried

at 99°C.

Comparlsons are made among bulk density values at 154
before rewetting and 11-15% and 13-15% after reweftting at
every drylng temperature (Table 24). Table 24 shows that at
21°C and 49°C +these differences were about 1 Ib/bu (12.87
kg/m>), at 99°C 15% before rewetting was 0.92 Ib/bu (11.84

Kg/m3) heavier +than 13=15% and 2.14 Ib/bu (27.54 Kg/m>)
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heavler than 11-15%. Therefore, only at 99°C 1t can be
shown clearly the differences In bulk denslty between rewet-

+ed and non-rewetted corn.
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Table 22. Analysis of Yariance all Varlables Included for Bulk
Density of Corn after Rewetting.

Source D.F. SS F
Temp 5 16,1740  43.12
Level 1 0.8332 11.11 N.S.
Time 1 0.4819 6.42 N.S.
Temp*Level 4 3.7267 12.42 N.S.
Temp*Time 4 3.7772 12,59 N.S.
Level *TIme 1 0.5418 7.22 N.S.
Error 2 0.1500

Total 18 25.6852

N.S. Not Significant

* Significant at the 0.05 level

Model: B.D. = 01 t+ + CZ MeCa * 03 Time + C, t*m.c.
* 05 T*TTme + Cg m.c.*Time + <



Table 23. Bulk Density Means after Rewefting.

Temperature of

Moisture content

Bulk density

Drylng from=to Ib/bu
(%) (Kg/m>)

2190 11=15 58.55
(753.63)

13-15 57.65
(742.04)

49°¢ 11=15 57.55
(740.76)

13=15 57.10
(734,96)

99°¢C 11=15 55,43
(713.47)

13=15 56.65

(729.17)

64
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Table 24. Differences In Bulk Denslty between Rewetted from

two moisture levels and non-rewetted at 15%,.

Temp.of MeCoa Ib/bu
Dryling from-to (Kg/ms)
(%)
21°¢ 13-15 +1,10

(14,16)

11-15 +0.20

(2.57)

499¢C 13-15 +0.58
(7.47)

11=15 -0.32

(-4.72)

999¢ 13=15 +0.92
(11.84)

11=-15 +2.14

(27.54)
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CONCLUSIONS

The comparison of I[sotherms before rewetting at Tthres
inttlal molsture contents (15%, 13%4 and 11%) shows that
the differences among them start Increasing as the dry-
Ing temperature Increases. |t was found that, In gen-
eral, at every drylng temperature the equilibrium mois-
ture content for 15% Initial molsture corn Is hlgher
than for 11% Iniftial molsfture corn at a given reiative

humlidity.,

Before rewetting, 75% Is the relative humlidity +hat
shows the most differences between equlllbrium moisture
contents reached by 15%, 13% and 11% Initial moisture
corn. Also, 904 1Is the relative humidlty that shcws
the most differences between equl|lbrlium molsture con-

tents reached by different drylng temperatures.

|t was shown that If corn s overdried to about 13% or
below and the drying temperature [s kept above 150 F
(66°C) there are signlflcant differences among EMC of
corn dried +to 15%, 13% and 11% molsture contents, and
EMC of corn dried at low dryling temperatures and high

dryling ftemperatures.

After rewetting the equilibrium moisture contents
reached when corn was rewetted from 11-15% were
slightly lewer than those reached when corn was rewet=-

ted from 13-15%., However the dlfferences were not very
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pronounced (about 0.5-«1.0%).

In general, It was found that the EMC value of non-
rewetted corn Is higher +than for reweftted corn.
Differences in EMC values between rewetted and non-
rewetted corn are more pronounced at the corn dried at

high temperatures,

Based on this study, ||t <can be éoncluded that by
measuring EMC values In the range of 40% to 75% R.H.
one may detect whether corn has been rewetted or non-
rewetted if corn is rewetted to the same molsture con=

t+ent of the non-rewetted corn,

The experimental dafta obtained can be described using
Chung=-Pfost Equé?lon for rewetted and non-rewetted
corn. The analyses show that also by comparying con-
stant B for non-rewetted and rewetted corn in Chung-
Pfost Equation one may detect whether <corn has been
rewetted or non-rewetted 1{if corn has been overdried
wlith high temperatures and corn is rewetted to the same

molsture content of the non=-rewetted corn.

The effect of dryling temperature on bulk density for
corn drled +to 15% molsture content is small but the
effect of drying temperature on bulk denslty of corn
overdried (11% and 13% m.c.) Is noticeable. In gen=-
eral, the lower the dryling tftemperature the higher the

bulk density after drying.
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After rewetting the differences on bulk denslty between
corn rewetted from 11% to 15% and from 13% to 15% can-

not be detected.

It appears that one cannot detect whether corn Is

rewetted or non-rewetted by measuring bulk density.
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SUGGESTIONS FOR FURTHER RESEARCH

Conduct a simlilar study with commercially dried corn.

Study different rewetting methods such as a water vapor

adsorption and blending dry corn with wet corn.

Consldering factors such as; corn varieties, vyear and
locatlon of <c¢rop grown, and physical conditions of
corn, establish an EMC Standard Curve for 15% non-

rewetted corn.

Conduct experiment studyling differences in water
activity (Instead of EMC) between rewetted and non=-
rewetted corn In order +to obtaln a faster way of

detecting rewetted and non-rewetted corn.

Conduct this study on beans. In my country, for a long
+ime 1t has been suspected that rewetting of beans is

practiced which is Illegal.
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Table 14, Fisher Least Significant Differences (LSD) Test
for EMC Values for Rewetted and Non-Rewetted Corn.*

R, H, temp.of MeCos mean grouping
drying (%)
509 NAD 15 18.29 A
13=15 17.41 B
11=15 17.82 A B
219 15 18.84 c
13=15 17.65 D
11=15 18.01 D
49°¢c 15 17.83 E
13-15 17.64 £
11=15 17.86 E
66°C 15  17.40 F
13=15 17.43 F
11=15 17.50 F
82°c 15 17.91 G
13=15 17.37 H
11=15 17.12 H
99°¢C 15  17.32 |
13=15 17.29 |
11=15 16.83 r
75% NAD 15 14.79 J
3-15 14,68 J
1-15 14.54 J
2198 15 14,88 K
13=15 14,69 K
11=15 14,82 K
49°¢c 15  14.83 L
13=15 14,59 L
11-15 14.64 L
66°C 15 14,60 M
13=15 15.10 M N
11=-15 14,21 N
82°c 15 14,90 0
13=-15 14,20 P
11=15 13.85 P
5596 15 14.85 Q
13=15 14,25 R
11=15 13,87 R
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14, Continue

Table
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Table 14.

Continue
R.H. temp.of MeCo mean groupling
dryling (%)
35% NAD 15 9.93 H
13=15 9.72 H
11=-15 9,63 H
2i9¢ 15 9.86 |
13=15 9.99 |
11=15 9.90 |
49°¢ 15 9.85 J
13-15 9.88 J
11-15 10.01 J
66°C 15 9.92 K
13=15 9.85 K
11=15 9.72 K
82°¢ 15 10.20 L
13=15 9.53 M
11=15 9.35 M
99°¢ 15 10.72 N
13=15 9.80 0
-15 9,48 0
25% NAD 15 8.91 =
13=15 8.83 P
11-15 8.79 P
21%¢ 15 9.06 0
13-15 8.87 Q
11=15 8.93 Q
49°¢C 15 9.03 R
13-15 9.14 R
11-15 9.00 R
66°C 15 9.10 S
13=15 8.72 S
11-15 8.71 S
82°¢ 15 9.26 T
13=15 8.67 u
11-15 8.56 u
39°¢C 15 .11 '
13=15 8.89 y
11-15 8.79 v

Tempering Time and Replications were—averaged.
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ABSTRACT

The purpose of this investigation were flrst, to com=-
pare Isotherms for rewetted and not rewetted corn at room
Temperature; second, to determine the effect of +three Ini=
tlal moisture content levels and drylng temperatures on
equllibrium moisture content; third, to defermine the effect
of moisture levels and drying temperatures on bulk denslty
before and after rewetting, and finally, to fit the data to

Chung-Pfost equation.

Fresh corn was used to obtaln Isotherms at room tem=-
perature by employing the sulfurlc aclid method. The thres
inltial moisture content levels tested were 15%, 13% and
114. The drying temperatures used ranged from 70 F (21°C) to
210 F (99°C) with natural air dried as temperature control.
The relative humldities ranged from 25% to 90%. Corn was
rewetted from 11% +to 15%, and from 13% to 15%, at two rewet-
tlng +times (24 h and 48 h). Two replications were per-
formed. Bulk density measurements were performed prlior *to

drylng, after drying, and after rewetting.

The comparison of isotherms before rewetding at three
Initltal molsture contents showed that the differences among
them start increasing as the drylng temperature Increases.
ln general at every drylng temperature the equilibrium mois-
ture content for 15% initlal moisture corn s higher than

11% Iniftial molsture corn at a given relative humidity.



I+ was shown that If corn was overdried to about 13% or
below and the drying temperature !s kept above 66°C there
are signiflcant differences among EMC of corn dried to 15%,
134 and 11% m.c. and EMC of corn dried at low ftemperatures

and hlgh temperatures.

In general, [t was found that the EMC value of non-
rewetted corn [s higher than for rewetted corn. Differences
In EMC values between rewetted and non-rewetted corn are

more pronounced for corn drled at high temperatures.

Based on this study It can be concluded that by measur-
Ing EMC values In +the range of 40% to 75% R.H. one may
detect whether corn has been rewetted or non-rewetted I[f
corn s rewetted +to the same molsture content of the non-

rewetted corn,

The experimental data obtained can be described usling
Chung=Pfost Equation for rewetted and non-rewetted corn. By
comparing constant B for non-rewetted and rewetted corn In
Chung=-Pfost Equation one may detect whether corn has been
rewetted or non-rewetted if corn has been overdried with
high femperatures and corn Is rewetted to the same moisture

content of the non-rewetted corn.

Before rewetting, I[n general, the lower the drylng tem-
perature the higher +the bulk density after drying. After
rewetting the dlifferences on bulk density between corn

rewetted from 1194 +o 159 and +from 13% to 15% cannct be



detected. |t appears that one cannot detect whether corn Is

rewetted or non-rewetted by measuring bulk density.



